Abstract. Concern about the potentially dangerous effects of increased atmospheric concentrations of CO 2 and other greenhouse gases on global climate has resulted in international agreement to stabilise atmospheric concentrations of these gases. Terrestrial vegetation plays a significant role in the global carbon cycle and management actions that increase carbon stocks in vegetation and soils could potentially offset CO 2 emissions from use of fossil fuels. Inclusion of such actions in international climate agreements has been controversial. The Kyoto Protocol allowed for a limited set of vegetation 'sink' activities to be accounted toward greenhouse-gas mitigation targets in the first commitment period and rules regarding implementation of these activities have recently been agreed. Inclusion of carbon in vegetation sinks in the Kyoto Protocol has focused policy attention on the need for better understanding and monitoring of carbon dynamics in terrestrial ecosystems. Recent investment in remote sensing, modelling and accounting systems has improved capacity to assess and report on carbon fluxes in vegetation, particularly those associated with recent land-cover change from forest to non-forest and vice versa. Quantitative understanding of carbon dynamics across the broader vegetation estate remains limited. Future challenges for a comprehensive assessment of carbon cycling in vegetation include quantification of the effects of changes in vegetation structure from historical changes in fire and grazing regimes, the impact of human and natural wildfire and the area and growth of regrowth forest created by past clearing and timber harvesting. Different reporting processes will require separation of the effects of human-induced versus natural processes. These will require greater investment in vegetation monitoring systems that efficiently integrate remote sensing and field measurements.
Introduction
International concern about the potentially dangerous effects of increased atmospheric concentrations of greenhouse gases (CO 2 , CH 4 , N 2 O, HFCs, PFCs and SF 6 ) on the global climate system resulted in adoption of the UN Framework Convention on climate change in 1992 (United Nations 1992). The Kyoto Protocol to the Convention was adopted after protracted negotiations in 1997 and sets out legally binding targets resulting in an overall reduction in greenhouse-gas emissions compared with 1990 for 'developed' and former eastern block countries. The Protocol has not yet entered into force and comprehensive agreement to legally binding emission mitigation targets remains uncertain. However, there is likely to be continued domestic and international pressure for governments to respond to the threat of climate change and to reduce greenhouse-gas emissions.
Vegetation and soils are major components of the global carbon cycle. Consequently, Article 4.1(d) of the Convention committed parties to 'promote sustainable management and promote and cooperate in the conservation and enhancement, as appropriate, of sinks and reservoirs of greenhouse gases not controlled by the Montreal Protocol, including biomass, forests, oceans and other terrestrial, coastal and marine ecosystems' (United Nations 1992). Conservation of sinks has also been incorporated into other international agreement. For example 'maintenance of forest contribution to global carbon cycles' is a criterion of sustainable forest management being reported through the 'Montreal Process' (Commonwealth of Australia 1997) .
Inclusion of changes in carbon stocks in vegetation in Kyoto Protocol targets has been the subject of considerable debate and negotiation (Noble and Scholes 2001) . In Australia, particular attention has focused on emissions resulting from land clearing and potential increases in carbon storage in newly established forests. Comprehensive accounting of all carbon emissions and sinks has been proposed as a desirable long-term goal by some countries. For example, in their submission to the UNFCCC in August 2000, the US argued that 'comprehensive carbon accounting would provide the greatest long-term incentive to protect existing carbon reservoirs, increase carbon removals and reduce greenhouse-gas emissions through better land management practices' (http://www.state.gov/www/global/global_issues/ climate/fs-000801_unfccc1_subm.html). National greenhouse gas inventories are required to report anthropogenic emissions and removals, but the proportion of land area considered to be subject to anthropogenic influences varies considerably between countries. As will be discussed later, separating these anthropogenic from 'natural' fluctuations in carbon stocks in fluxes is likely to be a considerable challenge.
This paper describes the role of vegetation and vegetation dynamics in global and continental carbon cycles and summarises international developments in relation to vegetation sinks and climate change 1 . Accounting requirements for international agreements are considered and knowledge gaps and future requirements for monitoring fluxes of carbon dioxide and other greenhouse gases in the Australian landscape are discussed. Emissions of non-CO 2 gases as a result of human actions or natural disturbances in vegetation are generally a small, although still significant, component of continental greenhouse-gas budget and the focus in this paper is on CO 2 .
Much of the discussion relates to dynamics in forests. In Australia, these are defined as lands dominated by trees with a potential or actual crown cover greater than 20% and canopy height greater than 2 m (National Forest Inventory 1998), and include those vegetation types structurally defined in some classifications as woodlands. Forests contain the largest proportion of carbon stocks in Australian terrestrial vegetation and are subject to the most significant human impacts on carbon stocks.
Global carbon cycle
The role of greenhouse gases in global climate has been understood for some time. The rise in atmospheric CO 2 concentrations observed initially at Mauna Loa in the Hawaiian Islands began to cause concern among atmospheric scientists in the 1950s. In 1988, the Intergovernmental Panel on Climate Change (IPCC) was formed to provide a scientific assessment to governments on the potential implications of human-induced changes to the climate system. The IPCC has recently completed its third assessment report (Houghton et al. 2001; McCarthy et al. 2001; Metz et al. 2001) . This report provides a comprehensive review of scientific, technical, economic and social issues associated with the climate system and climate change.
The report indicates that atmospheric CO 2 concentration increased from 280 ppm by volume in 1750 to 367 ppm in 1999. Methane concentration has increased by 151% and nitrous oxide concentration by about 17%. Current global mean surface temperature is estimated to be 0.6 (±0.2)°C warmer today than 140 years ago, with the land warming faster than the oceans. There is stronger evidence that much of this rise is a result of anthropogenic increases in atmospheric greenhouse-gas concentrations. Observations consistent with global warming include an increase in mean sea level of 10-20 cm, a decrease in annual duration of ice cover on mid-to high-latitude rivers and lakes by an average of 2 weeks, decrease in snow cover, thawing of permafrost, an increase in heavy precipitation events and bleaching of coral reefs. Mean surface temperature is projected to increase by 1.4 to 5.8°C between 1990 and 2100, with this variation largely dependent on success of measures to reduce future increases in greenhouse-gas concentrations.
Vegetation and the carbon cycle
The main carbon reservoirs are CO 2 in the atmosphere, organic forms of carbon in the ocean and terrestrial ecosystems (including litter and soil) and geological stores of fossil vegetation in the earth's crust.
There are large exchanges associated with uptake and release of CO 2 by living organisms. About 90 Gt C per year is exchanged between the atmosphere and the oceans and about 60 Gt C per year between the atmosphere and terrestrial ecosystems. There is estimated to be a small net uptake in both systems, with oceans taking up about 2.3 Gt C per year and terrestrial ecosystems about 0.7 Gt C per year (the net balance between growth in forests and emissions from deforestation). Exchanges between terrestrial ecosystems and the atmosphere occur on a range of time scales. On a daily basis, CO 2 is absorbed during photosynthesis in daylight and released at night through autotrophic respiration. CO 2 is absorbed and released during annual cycles of seasonal foliage and root growth, litter fall and decomposition. Longer-term cycles of CO 2 release and absorption result from plant death and subsequent recovery because of natural or anthropogenic disturbances such as fire, cyclones, insects or pathogens outbreaks, timber harvesting, or conversion of land to agriculture and subsequent abandonment.
The rates of these different exchange processes vary with climate and other unpredictable natural or anthropogenic processes. Consequently, net exchange between surface ecosystems and the atmosphere can vary considerably from year to year.
Burning of fossil fuels currently results in the release of about 6.3 Gt C per year. This is relatively small compared with annual exchanges between natural ecosystems and the atmosphere but sufficient to produce observed increases in atmospheric CO 2 concentrations.
Terrestrial ecosystems have been a comparatively small net source of CO 2 over the past 300 years compared with fossil fuel emissions. Between 1850 and 1998 an estimated 136 (±55) Gt of C was released due to forest clearing, but about 115 Gt was taken up in subsequent regrowth, resulting in net emissions over this period of 21 Gt of C (Bolin and Sukumar 2000) . This compares with an estimated 270 (±30) Gt C emitted during the same period from fossil fuel combustion.
Global fluxes of CO 2 to and from the biosphere are known with less confidence than fossil fuel emissions (Noble and Scholes 2001) . For example, current global emissions from fossil fuel combustion and cement production were estimated to be 6.3 (±0.4) Gt C per year (about 10% error at the 66% confidence range). Global estimates of emissions from deforestation are 1.6 ± 0.8 (50% error) and the current estimate of net terrestrial uptake is 0.7 ± 1.0 [143% error (Bolin and Sukumar 2000) ].
In 1999, Australia's greenhouse gas emissions, excluding those from land clearing, were equivalent to 124.9 Mt C year -1 (converted from CO 2 equivalents used in the NGGI). This is 17.4% greater than 1990 levels (equivalent to 106.3 Mt C year -1 ). With current best estimates of land clearing included, 1999 emissions were 144.4 Mt C year -1 compared with 134.5 Mt C in 1990, a 7.3% increase. The energy sector (transport and electricity) produces 79.6% of non-land clearing emissions, with the remainder coming from mostly from agriculture (67% as methane from livestock and 33% as emissions from agricultural soils and savanna burning).
Current net estimates of land clearing emissions include 23.5 Mt C year -1 of gross emissions and 4.9 Mt C year -1 for removals in regrowth following past clearing. Other landbased estimates include emissions of 14.4 Mt C year -1 from commercial timber and fuelwood harvest and removals of 20.7 Mt C year -1 due to growth in managed native forests and plantations (Commonwealth of Australia 2001b). Revised estimates will be produced shortly.
Natural variability and the relative effort put into sampling activities associated with these different sources of CO 2 emissions means that we are always likely to have considerably less confidence in biospheric fluxes than fossil fuel emissions (Noble and Scholes 2001) . Fossil fuels are traded goods and various institutions have an interest in accurately assessing the quantities used. On the other hand, until recently, quantification of biospheric carbon has only been of interest to a relatively small group of scientists and relatively few institutions have actively collected data on carbon fluxes in terrestrial ecosystems.
International response to climate change
International negotiations to reach agreement on the UNFCCC, the Kyoto Protocol and subsequent accords have been lengthy and complex. They have brought together an unprecedented grouping of scientific, environmental, industrial and economic interests. Negotiations have often highlighted political differences regarding government regulation versus market-based responses, the balance between environmental protection and economic development, the future role of fossil energy sources in economic development and the need for transfer of new energy technology and funds to developing countries. A detailed analysis of most of the issues relating to vegetation and climate change policy has been provided elsewhere (Commonwealth of Australia 2000) . A brief synopsis is provided below.
Kyoto Protocol
The first Conference of the Parties (COP) to the UNFCCC in 1994 concluded that emission reductions commitments agreed to in the Convention were inadequate to meet its objectives. At this Conference, an 'ad-hoc Group' was tasked with formulating an agreement to legally binding emission reduction commitments. After three years of intense negotiations, parties agreed on the Kyoto Protocol to the Convention. The agreement reached at Kyoto sets out binding commitments for countries listed in Annex I of the Convention (those in the OECD, excluding Mexico and Korea, plus eastern European 'economies in transition') that would reduce their combined greenhouse gas emissions by at least 5.2 percent below 1990 levels in the first 'commitment period ' (2008-2012) . Targets are differentiated between countries. Australia's target allows for an 8% increase above 1990 emission levels, a reduction of about 30% compared with estimates where no emission reduction measures are taken (Commonwealth of Australia 2000). The Protocol is yet to enter into force. This requires ratification by 55% of all parties to the UNFCCC, including sufficient Annex I parties to account for 55% of emissions from Annex I countries in 1990. National greenhouse gas inventories presented to the UNFCCC account for emissions in various sectors: stationary energy, transport, fugitive, industrial processes, agriculture and waste. Emissions and removals are accounted in the land-use change and forestry sector (LUCF).
In the negotiations leading up to Kyoto, there was considerable debate about the use of vegetation and soil carbon sinks to meet emission reduction targets (Noble and Scholes 2001) . While use of vegetation and soils as greenhouse gas mitigation options had been proposed for some time (Bouwman 1990; Cooper 1983 ) many interested parties argued against the inclusion of sinks. Reasons for not including sinks included the following:
(i) concern that countries would use action to enhance sinks as a way of avoiding action to reduce emissions in energy and transport sectors;
(ii) uncertainties in measuring emissions and removals from vegetation and soils;
(iii) concerns that sequestration in carbon sinks is potentially reversible because of future disturbances, such as fire or timber harvesting and future changes in climate; and (iv) potential impedance of economic development in some developing countries where additional conversion of forest to agricultural land may be required to satisfy the food production and other economic and social requirements of their growing populations.
However, countries arguing in favour of including sinks (Australia, Canada, Iceland, Japan, New Zealand, Norway and the USA) felt they were consistent with UNFCCC objectives, that sequestration in sinks was equivalent to reducing emissions and that they offered important, shorterterm, low-cost emission abatement options. It was also argued that unless sinks were included, there would be little incentive for countries to reduce emissions from activities such as deforestation or to improve and apply measurement methodologies.
The sink provisions in the Protocol were a compromise aimed at dealing with these conflicting positions. Agreement was limited to including emissions and removals from direct, human-induced afforestation, reforestation and deforestation occurring since 1990 in Article 3.3. Article 3.4 provided a process for further negotiations regarding inclusion of emissions or removals from certain additional activities in the LUCF sector and in agricultural soils.
Article 3.3 provisions created some problems for Australia because, unlike most other developed countries, a substantial proportion of Australian greenhouse gas emissions result from land clearing (deforestation). If land clearing continued in the first commitment period Australia would have to offset these emissions with reductions in other sectors to meet its target. To deal with this, Article 3.7 was put forward and adopted. This allows those countries with net emissions in the LUCF sector to include emissions from land use change in their 1990 baseline. In effect, this provides for accounting of land clearing emissions on the same basis as those in other sectors.
Inclusion of forest management under Article 3.4 was problematic because some developed countries have significant forest areas in a regrowth condition following historical land clearing or timber harvesting. These forests are continuing to take up carbon, but at declining rate. For example in the US, the estimated increase in carbon stocks in forests and wood products in 1990-1991 was about 350 Mt C year -1 , equivalent to about 21% of 1990 US greenhouse gas emissions from other sectors (Heath and Birdsey 2000) . About 70% of this increase in carbon stocks is occurring in forest biomass, soils and logging residue and 30% in wood products and landfills The rate of carbon stock increase is projected to decline to about 288 Mt year -1 by the first commitment period of the Kyoto Protocol (2008 Protocol ( -2012 with further falls in later commitment periods as regrowth forests mature.
Because the rate of sequestration in their forests is projected to be lower in the commitment period than in 1990, such countries would be detrimentally affected if required to include removals from the LUCF sector in both their 1990 baseline and account for this sector in the commitment period. To deal with this situation, the 'gross-net' approach to accounting for sinks was adopted. Countries would account for emissions or removals in the LUCF sector in the 2008-2012 commitment period but not for the estimation of 1990 baselines used for establishing targets for the first commitment period. However, comprehensive accounting of all carbon sinks under the gross-net accounting arrangement would result in some countries receiving 'windfall' credits for sequestration that would have occurred without any deliberate enhancement actions being taken since 1990. Agreement on inclusion of such sinks could not be reached at Kyoto and further negotiation was required to reach a final agreement.
The Protocol also provided for Annex I countries to meet targets through a number of 'flexibility mechanisms' that are intended to provide the opportunity for international trading of emission reduction credits to determine the lowest cost options for reducing emissions. This included projects in developing countries (currently with no targets) under the 'clean development mechanism' that might include LUCF activities described above.
IPCC special report on land use, land-use change and forestry
Implementation of sinks provisions was effectively placed on hold soon after Kyoto. The IPCC was requested to prepare a special report on land use, land-use change and forestry, with the aim of using this as a basis for agreement of provisions to implement sinks at COP6 in November 2000. The special report was completed in April 2000 . The report was intended to inform policy makers on current science but made no policy recommendations. Particular issues identified and discussed included the following: (i) Definitions. Implementation of Article 3.3 depends on the definition of 'forest', 'afforestation', 'reforestation' and 'deforestation' (A, R and D). There are many alternative definitions of these terms in use around the world. Forest can be defined administratively, on the basis of land use, or on the basis of vegetation structure. Most definitions are based on single canopy-cover threshold. Accounting for A, R and D will be triggered when forest cover increases above, or decreases below, this threshold. The selected threshold will therefore have a significant effect on the carbon losses or gains occurring across the landscape that are actually reported. Adoption of alternative definitions for reforestation would result in considerable variation in carbon-stock changes reported across a forest estate. For example, reforestation had previously been defined by the IPCC for reporting greenhouse-gas emissions as the planting of forests on land that historically had previously contained forest but that had been converted to some other use. The FAO (and many foresters) define reforestation as regeneration following harvesting. Adoption of the FAO definition, without the definition of deforestation including forest harvesting, would result in countries receiving sequestration credits for regrowth following harvesting but not debits for harvesting emissions.
(ii) Definition of additional activities under Article 3.4. These could be defined broadly (e.g. forest management or cropland management) or narrowly (e.g. change in rotation length, tillage practice, fertilisation or cover crops).
(iii) Accounting approaches. Carbon accounting could be either 'land' based or 'activity' based. The first would involve identifying those lands subject to an activity and accounting for all carbon-stock changes or greenhouse-gas emissions on that land. Activity-based accounting would only account for carbon-stock changes associated with a particular activity.
(iv) Relevant carbon pools for accounting. These included aboveground biomass, litter and woody debris, belowground biomass, soil carbon and harvested materials.
(v) Measurement methods and capacity. Changes in carbon stocks and emissions of other greenhouse gases can be estimated by the use of a combination of direct measurements, activity data, models based on accepted statistical principles, forest inventory, remote sensing, flux measurements, soil sampling and ecological surveys. The cost of measurement for a given area increases as the desired precision and the landscape heterogeneity increase. The basic technical capacity exists in developed countries to measure, monitor and verify carbon-stock changes. However, few countries perform these measurements routinely and many developing countries may require technical, institutional and financial assistance to develop this technical capacity.
(vi) Maximum reporting area. Spatial resolution of monitoring has important implications for accuracy and cost. If a small area is specified, the cost of monitoring across a large forest estate could become very high. If a coarse scale is allowed, data demands can be modest, but there may be significant carbon-stock changes not included in the assessment. Appropriate survey designs can give statistically reliable estimates.
(vii) Baselines. To address concerns about windfall credits in LUCF, various baseline options were proposed. These included the following: no baseline (effectively grossnet accounting), using 1990 net emissions as a baseline (the same approach used for other accounting sectors) or estimating what emissions might have been under 'businessas-usual' for the land in question during the accounting period and comparing actual emissions or removals resulting from taking the mitigation action with that level.
Marrakech Accords
Following acceptance of the IPCC special report, countries presented written submissions detailing positions on sink issues in August 2001 for consideration at COP6 in the Hague in November. In their submission, the US proposed a three-tier arrangement for Article 3.4, to allow credit for a proportion of current growth in their forest. Despite exhaustive negotiations, held during the US presidential election campaign, agreement on a package of issues was not achieved. The role of sinks, particularly forest management, was a major area of disagreement.
The conference was adjourned and reconvened in Bonn, Germany in July 2001. In the intervening period, the newly established Bush Administration announced it was opposed to the Kyoto Protocol and the US delegation did not participate in negotiations related to the Protocol. Other parties to the Convention did reach agreement on a range of issues, including implementation of sinks, and these were subsequently accepted at COP7 in Marrakech, Morocco (UNFCCC 2002) .
The main elements relating to sinks agreed at Marrakech were the following:
(i) Forest was defined as a 'a minimum area of land of 0.05-1.0 ha with tree crown cover (or equivalent stocking level) of more than 10-30% with trees with the potential to reach a minimum height of 2-5 m at maturity in situ'. Parties must choose single values within these ranges and apply these consistently during the first commitment period.
(ii) Afforestation and reforestation were defined as 'the direct human-induced conversion of non-forested land to forested land through planting, seeding and/or the humaninduced promotion of natural seed sources'. Afforestation was defined as occurring on land that had not been forested for at least 50 years and reforestation could occur on land that did not contain forest on 31 December 1989.
(iii) Eligible activities under Article 3.4 were defined broadly and included forest management, cropland management, grazing-land management and revegetation. During the first commitment period, a party that selects any or all of these needs to demonstrate that such activities have occurred since 1990 and are human-induced.
(iv) Parties shall account for changes in carbon stocks in aboveground biomass, belowground biomass, litter, dead wood and soil organic carbon on land subject to the activities identified under Articles 3.3 or 3.4. Accounting for deforestation is to be based on the same spatial assessment unit as for afforestation and reforestation and this is to be no larger than 1 ha.
(v) Cropland management, grazing-land management and revegetation are to be accounted on a net-net basis, with emissions and removals from those activities to be incorporated in the 1990 baseline calculation.
(vi) Forest management is to be accounted on a gross-net basis, with emissions and removals not included in the 1990 baseline. The accounted amount from forest management cannot exceed negotiated values inscribed in an appendix to the decision. These vary between countries. The value agreed for Australia is zero.
(vii) Only afforestation and reforestation are to be included in projects under the CDM, with a limit on the contribution of these projects to a party's target.
Parties also invited the IPCC to elaborate methods to estimate, measure, monitor and report changes in carbon stocks resulting from LUCF activities under Article 3.3 and 3.4 and potential sink activities in the CDM and Joint Implementation based on the Revised 1996 Guidelines, to prepare a report on good practice guidance and uncertainty management for estimates and reporting for LUCF activities, to develop definitions for forest 'degradation' and 'devegetation' and to develop practicable methodologies to factor out direct human-induced changes in carbon stocks and greenhouse-gas emissions from indirect human-induced and natural effects, such as those from CO 2 fertilisation and N deposition. These will be submitted for consideration at COP9 in 2003.
With the resolution of implementation issues, many countries are moving to ratify the Kyoto Protocol in the build up to the World Summit on sustainable development in Johannesburg in August 2002. It is not yet clear how many countries will ratify the Protocol.
The Montreal Process on criteria and indicators of sustainable forest management
Signatory countries to the Santiago Declaration also recognised the importance of forests and woody vegetation in the global carbon cycle. This process followed the expressions of concern for forest management at the 1992 UN conference on environment and development in Rio de Janiero. In 1993, 10 countries (Australia, Canada, Chile, China, Japan, the Republic of Korea, Mexico, New Zealand, the Russian Federation and the United States) formed the Montreal Process working group, with Argentina and Uruguay joining later. Together, these countries have jurisdiction over more than 90% of the world's temperate and boreal forests. In 1995, these countries endorsed the Declaration. It is a statement of political commitment that included seven criteria and 67 indicators of sustainable forest management. This was intended to provide a comprehensive framework to quantify progress toward forest conservation and sustainable management objectives (Commonwealth of Australia 1997).
Criterion 5 is the 'maintenance of forest contribution to global carbon cycles'. Indicators under the criterion are the following:
(i) Total forest ecosystem biomass and carbon pool and, if appropriate, forest type, age class and successional stages (5.1a).
(ii) Contribution of forest ecosystems to the total global carbon budget, including absorption and release of carbon (standing biomass, coarse woody debris, peat and soil carbon, 5.1b).
(iii) Contribution of forest products to the global carbon budget (5.1c).
For the Montreal Process, Australia has largely used the same estimates as provided to the UNFCCC. In the first approximation report, the estimate of total aboveground forest carbon stock of 13 136 Mt on 157 million hectares of forest land. Annual growth in forest carbon and emissions from harvesting are the same as those reported in the concurrent NGGI (Commonwealth of Australia 1997). Australia will provide its second report to the Process in September 2003.
Greenhouse-gas emission assessment
The above review indicates that there are a number of broad imperatives for improving estimates of carbon fluxes and other greenhouse-gas emissions in Australian vegetation and soils. These include the following:
(i) Scientists are interested in a more complete understanding of carbon fluxes from a range of natural and human processes occurring across the Australian continent.
(ii) Estimates of the contributions of Australian forest ecosystems and forest products to the global carbon budget are required for the Montreal Process.
(iii) Estimates of human-induced greenhouse-gas emissions and removals are required for reporting annually to the UNFCCC, (iv) If Australia ratifies the Kyoto Protocol, estimates of emissions and removals for specific activities described in the Protocol and elaborated in the Marrakech Accords are required in a progress report in 2005 and in the first Commitment Period. Emmissions resulting from land clearing are required for 1990. Commercial entities wishing to participate in emission trading will require estimates of these activities at the project scale.
Reporting to the UNFCCC of estimates of anthropogenic emissions and removals by industry sector is based on methodologies set out in the revised 1996 IPCC reference manual for national greenhouse gas inventories (IPCC 1997b) and subsequent outcomes from the IPCC good practice guidance process. The National Carbon Accounting System (NCAS) is a significant improvement in Australia's capacity to meet these international reporting commitments and will produce more reliable estimates of emissions and removals in the land use, land-use change and forestry sector (Commonwealth of Australia 2001a).
The land area under consideration and the need for attribution to human or natural causes varies between these different processes. Carbon cycle scientists are interested in assessments across the landscape and may not be concerned with causal attribution of emissions or removals. No restrictions are suggested for the forest area used for reporting on forest carbon dynamics to the Montreal Process and the whole forest landscape is implied. For reporting in the NGGI, IPCC guidelines indicate that changes in carbon stocks should be reported for those areas in which there are ongoing anthropogenic effects on carbon stocks. For the first commitment period of the Kyoto Protocol, parties will report estimates of changes in carbon stock on land subject to the activities specified in Articles 3.3 and, if relevant, those agreed in Marrakech Accord for Article 3.4.
The area currently used for reporting greenhouse-gas emissions and removals in LUCF sector to the UNFCCC is considerably less than the total forest estate. In 1999, growth was reported on 14.9 million hectares of native forests (Commonwealth of Australia 2001b). This included 'all state forests and forests available for timber production on other crown land and private land where age classes are known' and is only a small proportion of the estimated total forest area of 155.7 million hectares (National Forest Inventory 1998), and it excludes some public forest and large areas of privately managed forests that are currently used, or have been used in the past, for timber production or that have been subjected to other forms of anthropogenic disturbance that are likely to affect carbon stocks and fluxes. Areas in conservation reserves are also excluded (Commonwealth of Australia 1999a).
Other countries have adopted a more inclusive view of the 'managed forest' area. For example, the USA reports on carbon-stock changes on 198.6 million hectares of 217.3 million hectares of the total forest area (Heath and Birdsey 2000) . It has been argued that almost all forests in the world can be considered 'managed', with the possible exception of remote parts of Canada and Russia, and that emissions and removals should be reported for most forests and wooded areas, unless a specific case is made for their exclusion (IPCC 1997a) .
Reporting requirements for the Kyoto Protocol will differ from the annual inventories submitted to the UNFCCC. For Australia, reporting will include afforestation, reforestation and deforestation under Article 3.3. An assessment of emissions and removals in the LUCF sector in 1990 is required to determine whether this sector constituted a net source of emissions in 1990 and that, under Article 3.7 (see above), emissions resulting from land-use change can be included in the 1990 emission baseline. For activities included under Article 3.4, Australia has chosen not to include forest management for the first commitment period. Inclusion of cropland and grazing-land management and revegetation has not been finalised.
Future challenges
There has only been one published comprehensive assessment of the carbon dynamics in Australian terrestrial vegetation (Gifford et al. 1992) . This study concluded that understanding of carbon fluxes across the continent was incomplete. They suggested that increases in standing biomass in forest and woodlands due to changed fire management and shrub encroachment were likely to offset emissions resulting from tree removal, but that quantification of these carbon fluxes was not possible at that time.
While our understanding of carbon dynamics in the Australian landscape has improved considerably in the last 10 years, there are many challenges in developing a more comprehensive understanding of the processes affecting carbon dynamics in terrestrial ecosystems. Some major challenges are indicated in Table 1 . Many of these are currently being addressed through analysis for the NCAS (Commonwealth of Australia 1999b) and other research (CRC for Greenhouse Accounting 2001). 
Human-induced versus natural effects
Reporting to the UNFCCC requires separation of anthropogenic and natural greenhouse-gas emissions and removals across the Australian continent. As indicated above, on a global basis natural exchanges of carbon between the atmosphere and terrestrial ecosystems are considerably larger than those resulting from anthropogenic processes. Separation of human-induced versus natural effects will require better understanding of historical and current trends and patterns of land-use change and of climatic fluctuations, particularly of extended periods of low rainfall. Determining whether wildfires, including the large-scale, low-intensity fires that regularly burn across northern Australia and the more infrequent catastrophic fires that occur in the forests of southern Australia, are natural or human processes is particularly problematic. Attribution of effects on carbon stocks to human or natural causes resulting from changes in populations of browsing herbivores, feral or native, is also challenging.
Human-induced climate change itself may have considerable positive or negative impacts on vegetation dynamics and carbon stocks through CO 2 fertilisation, longer growing seasons, lower rainfall or increased disturbances by pests or pathogens. Parties to the UNFCCC recently invited the IPCC to develop practicable methodologies to factor out direct human-induced changes in carbon stocks from these indirect human-induced and natural effects.
Land-clearing effects
We now have a picture of the area converted from different forest types since European settlement (Commonwealth of Australia 1996). Recent remote-sensing studies provide reasonably accurate estimates of conversion rates since 1990 (Barson et al. 2000; Queensland Department of Natural Resources 2000) . Estimates of land-cover change from 1970 to 2000 will be forthcoming shortly from remote-sensing studies undertaken by the Australian Greenhouse Office (Commonwealth of Australia 2001a).
Quantification of greenhouse-gas emissions associated with land clearing requires an estimate of (i) the standing biomass of areas cleared, (ii) the proportion of carbon in biomass emitted during clearing and the proportion left to decay over time and its decay rate and (iii) changes in soil carbon.
Standing biomass on areas cleared requires knowledge of the forest structural types and an estimate of biomass associated with each type. Detailed mapping of vegetation across Australia has been undertaken by state agencies and compiled nationally into the National Forest Inventory and the national vegetation information system (Commonwealth of Australia 2002). This data can be used to assign structural types to cleared areas, although there are still considerable data gaps in many regions.
Conversion of forest to non-forest cover results in both instantaneous and delayed CO 2 emissions. Emissions occurring in the year of clearing will depend on the landclearing method and subsequent treatment of woody biomass. In the absence of local data, the IPCC guidelines suggest calculating emissions on the basis that 50% of carbon in forest biomass is released in the year of clearing, with the remaining 50% assumed to decay over the next 10 years. The IPCC highly recommends that users provide their own values to reflect local practices. In the Australian NGGI, it is assumed that 90% of standing biomass is released in the year of clearing, with the remaining 10% decaying over time.
The rate of decay of woody material will vary considerably with climate and with the chemical composition of wood. A recent study concluded that the turnover time of large woody debris will generally exceed 25-30 years in most cases, and for durable species a turnover time of more than 100 years may be realistic (Mackensen and Bauhus 1999) . In tropical areas, termites and frequent fire may also increase the rate of wood decomposition.
Different land-use and land-management practices applied following clearing affect soil carbon pools differently. The IPCC guidelines specify changes in soil carbon from those under native vegetation to those under different agricultural systems that vary with soil type, management system and climatic region. For example, the recommended assumption is that soil carbon increases by 10% following conversion of native vegetation to improved pasture, but declines by 30-50% following conversion to cultivated land. Soil carbon under unimproved pasture in the tropics is assumed to decline by 30%. The pattern of decline is assumed to be linear over 20 years. Decay under crops is likely to follow an exponential rather than linear trend and will be affected by climate. Paired site and modelling studies are being undertaken to improve knowledge of soil carbon dynamics following forest conversion (Webbnet Land Resource Services 1999).
Effects of forest operations
Timber harvesting can have substantial impacts on forest carbon stocks. Emissions result from harvesting, site disturbance and residue treatment (particularly burning) and carbon is sequestered in regeneration following harvesting and in growth of residual trees in selectively harvested forest. The proportion of total forest biomass removed in harvested wood will vary with species composition (proportion of merchantable species), utilisation standards and the silvicultural system. Post-harvest mortality, decay of woody debris and litter and understorey response to harvesting disturbance also affect the carbon balance. As for land clearing, emissions occur at harvest and over time as harvesting residues left in the forest, and wood products removed during harvesting, decay. Currently, the NGGI uses a simple multiplier applied to annual harvest estimates obtained from the industry to estimate emissions from timber harvesting.
The area affected by past forest operations is uncertain. The Resource Assessment Commission (1992) estimated that about 60% of the 41 million hectares of forest under the definition in place at that time were in a regrowth condition.
Accounting for carbon storage and decay in harvested wood products has been the subject of some debate. The default approach suggested in the IPCC guidelines is to assume that all the carbon in harvested wood is emitted at the time of harvest in the country where harvesting occurs. This is based on an assumption that the forest-product pool in most countries is in steady state, with the input of new products, balanced by the emissions from those currently in use. There is some evidence to suggest that the global pool of wood products may be increasing (Winjum et al. 1998) . Accounting for imports and exports of wood products between countries is a policy issue that is currently under further consideration.
Storage of carbon in wood products is accounted for in the current NGGI. There is a good picture of the quantity of harvested wood going to different products and their various waste components. There is considerable uncertainty about the pattern and rate of decay of different classes of wood products, particularly for long-term uses such as house framing or furniture. The rates used for accounting in Australia are currently based on what are best described as educated guesses (Jaakko Poyry Consulting 1999 . Recent research suggests that possibly 20% of the carbon originally harvested ends up in landfills and remains undecomposed indefinitely (Skog and Nicholson 1998; CRC for Greenhouse Accounting 2001) . Harvested wood (even that used as paper) could therefore be a substantial long-term sink.
Effects of fire and grazing
Fire is the dominant form of vegetation disturbance across much of the Australian landscape (Bradstock et al. 2002) and has substantial impacts on the composition and structure of forests. Considerable amounts of carbon are released during wild and managed fires and in subsequent decay of stems killed in fires. (Kirschbaum 2000) discussed some issues associated with the inclusion of greenhouse-gas emissions from fire in the NGGI. The NGGI currently provides an estimate of emissions of other greenhouse gases (CH 4 , N 2 O, NO x , CO and NMVOC) caused by wildfire and savanna burning, but not emissions of CO 2 . The general assumption is that CO 2 emissions during burning are balanced by carbon sequestration in subsequent regrowth. This assumption may be reasonable when looked at over longer time scales. However, the Kyoto Protocol requires accounting over 5-year periods. In this case, there will be immediate emissions associated with fire in one period, emissions in later periods as stems killed in the fire decay and removal of carbon from the atmosphere in later periods in recovering ecosystems.
The intensity and frequency of fire in Australian forests and woodlands has changed considerably over the last 100-150 years as Europeans have replaced indigenous inhabitants as the primary land managers in much of Australia (Pyne 1991; Gifford et al. 1992 ). This could be resulting in significant changes in vegetation structure (e.g. Rolls 1981 Rolls , 1999 . Much of this analysis is based on analysis of historical records, but the degree to which these analyses reveal actual changes in fire regimes or alteration to the structure of woody vegetation is the subject of some debate (Benson and Redpath 1997) .
Changes in vegetation structure have been observed in many tropical woodlands. Burrows et al. (1998) suggest that this 'vegetation thickening' is due to human changes in fire frequency and intensity and more intensive cattle grazing. There is some debate about whether thickening can be considered human-induced. It has been suggested that thickening may result from cycles of drought death and regrowth rather than changes in fire or grazing management (Fensham 1998; Fensham and Holman 1999) . Inclusion of carbon-stock changes resulting from thickening in the national greenhouse-gas inventory has been discussed (National Greenhouse Gas Inventory Committee 1997) (Noble 1998; Gifford and Howden 2001) .
Grazing pressure from feral animals also has a significant impact on vegetation structure and reduction in this pressure resulting from feral animal control (for example the effect of the recent release of rabbit calici virus) is likely to cause substantial response in vegetation growth and carbon flux.
Regrowth and revegetation
A considerable area that has been cleared in the past is currently covered by woody regrowth condition. In Queensland, it was estimated that one-third of the 425 000 ha year -1 of woody vegetation cleared between 1997 and 1999 was regrowth (Queensland Department of Natural Resources 2000). Regrowth may also occur at the margins of cleared areas in a way that is not easily detected through remotesensing studies. For example, Mott (1996) suggested that the private forest area in NSW has increased at an average rate of 1.6% per year in the last 50 years, despite substantial clearing activity during that time.
The area of forest-plantation estates has also expanded rapidly in the last 5 years from about 1 million hectares to 1.5 million hectares at the end of December 2000. The area of commercial plantations is relatively well known (Wood et al. 2001) , but there are considerable areas being revegetated for shade, shelter and aesthetic benefits, and the reestablishment of trees in agricultural landscapes and the incorporation of trees into agricultural systems have been actively promoted recently by all levels of government and through community programs such as Landcare and the Natural Heritage Trust (Early 1999).
Despite these substantial government investments, there has been little direct documentation of the extent of establishment of natural regeneration. Survey-based estimates suggest that the area of this kind of revegetation may be quite large (Wilson et al. 1995) and preliminary estimates suggest that carbon-stock changes in this revegetation may make a substantial contribution to greenhouse-gas emission reductions (Commonwealth of Australia 2000).
Dieback and vegetation degradation
Dieback and tree decline are important processes in many rural landscapes (Landsberg and Wylie 1983) . Substantial carbon dioxide emissions may be occurring as a result of the processes but they are not currently considered in the national inventory. Processes causing rural tree dieback are complex but there is often a linkage to agricultural management. Remnant forests and woodlands may be particularly vulnerable to decline in carbon stocks because fragmentation may accelerate mortality and impact on regeneration processes. About 2.5 million hectares of agricultural land are currently affected by dryland salinity and a significant area is potentially at risk (PMSEIC 1999). In the Murray-Darling basin, an estimated 300 000 ha of land was salt-affected in 1996. This could rise to 6 million hectares before a new hydrologic equilibrium is established (Murray-Darling Basin Ministerial Council 1999) . Soil salinisation is causing vegetation degradation and loss in many parts of the country and improved observation of affected systems is required to assess the effect of dryland salinity on the terrestrial carbon budget.
Research and monitoring needs
The effect of many anthropogenic processes on carbon stocks and fluxes in Australian vegetation remains uncertain. Ongoing research will improve capacity to quantify carbon fluxes across the landscape, but it is likely that uncertainty in estimates of carbon fluxes in vegetation will remain high for some time.
Inventory and monitoring
National greenhouse gas inventories have generally relied on relatively simple assumptions such as those specified in the 1996 IPCC guidelines as a basis for accounting. A more sophisticated combination of remotely sensed data, measurements and modelling is being developed through the national carbon accounting system to provide an estimate of both the 1990 baseline in the LUCF sector and for reporting on current accounts. Evaluation of models requires comparison with field observations. Comparisons with direct-flux measurements are becoming more common.
Measurements of vegetation change to verify models or to make direct estimates of changes in biomass and carbon exchanges with the atmosphere are best done in an inventory framework that can provide spatially aggregated estimates of large-scale fluxes over multi-annual time scales. Many developed countries have extensive national forest inventories based on repeated measurements of a large number of plots. Inventories in developing countries are less extensive, with more varied measurement history. These are generally inadequate to assess the impact of high rates of land-use change, given the high variation in carbon density in many tropical ecosystems.
Under Australia's federal system of government, forest and vegetation management is the generally the responsibility of state governments. Different states have different approaches to describing and assessing vegetation and Australia has never had a consistent, comprehensive forest or vegetation monitoring system. The national forest inventory (NFI) was established in 1988 and is a cooperative venture between the federal and state governments. It has largely involved compilation of mapping data on forest types from different state agencies into a common reporting framework. Considerable effort has been invested in filling gaps in forest typing and cover in different regions. This and other information on forest status and use was brought together in a comprehensive state of the forests report (NFI 1998) . The national land and water resources audit has recently reported on a similar compilation of vegetation information in the national vegetation information system (Commonwealth of Australia 2002).
Such map compilation approaches are of limited value in assessing change in vegetation extent or condition. Remotesensing studies can give an increasingly detailed picture of change in forest cover. To improve quantitative understanding of vegetation dynamics and carbon-stocks changes, they need to be integrated into a systematic, longterm monitoring framework that includes field-plot measurement. Efficient sampling designs and new technologies can reduce the cost of inventory substantially. Vegetation and soil monitoring systems should be designed in an integrated way to efficiently assess a variety of resources and values. Inventories that are designed and performed in partnership with the community can enhance community understanding and interest in the processes affecting many forest and vegetation values, including carbon stocks. However, this kind of monitoring framework requires a long-term commitment to investment in monitoring from both state and federal governments.
Resources required for this activity should not be underestimated. The USA has a multi-stage continental system in place to sample almost 200 million hectares of managed forests. In the first stage, over 3 million sample points on colour infrared aerial photographs are interpreted to assess where timber harvesting or land-use changes have occurred. In the second stage, 150 000 permanent sample plots are measured to assess disturbance, growth, the change in species composition, forest type and ownership. Intensive measurements of soils, woody debris, understorey vegetation and other ecological variables are undertaken on a subset of about 5000 plots. Plots are generally remeasured every 5 years and the current cost of the whole system is almost US$46.5 million per year (Anon. 2002) .
Conclusions
Understanding of the global climate system and human impacts on climate continues to improve. After extensive negotiation, a framework for incorporating vegetation sinks toward climate-change mitigation objectives has been agreed. These negotiations and associated workshops and other forms of communication have resulted in a broader mutual understanding of different national circumstances, vegetation monitoring approaches and different histories of management and use of vegetation in different countries. National investment is resulting in increased knowledge of many components of the global and Australian carbon cycle but there are still many gaps in knowledge of the implications of natural and anthropogenic dynamics in Australian vegetation. Ongoing national and international commitments to respond to climate change will continue to focus policy attention on the dynamics of carbon in terrestrial vegetation and the need to continue efforts to improve capacity to monitor and manage carbon stocks in vegetation.
Carbon cycling in vegetation operates on a variety of time scales. Dealing with the effects of historical landmanagement practices has been a problematic element of international climate negotiations. In Australia, historical changes in human interaction with the landscape, from Aboriginal to European styles of land management (particular of fire) and historical land clearance and timber harvesting, and subsequent regrowth, interact with each other and with climatic variation, to produce complex, longterm trajectories in vegetation and carbon dynamics that are currently poorly understood. An improved understanding of historical land use and changes in land management will contribute to an improved capacity to report on anthropogenic impacts on carbon stocks.
